Introduction
The work ofWain-Hobson, Leigh Brown and others has shown that human immunodeficiency virus (HIV) infection is caused by a collection of strains or a quasispecies (Goodenow et al., 1989; Meyerhans et al., 1989; Wain-Hobson, 1989; Simmonds et al., 1990; Balfe et al., 1990; Delassus et al., 1991 Delassus et al., , 1992 . Although the temporal variation between proviral HIV strains in the blood and plasma virus strains has been extensively investigated (Simmonds et al., 1991 ; Wolfs et al., 1992) , relatively little is known about the site(s) of strain evolution or the relationship of variants between various HIV-infected organs. Analysis of the V3/V4 regions of the env gene in brain, spleen and peripheral blood mononuclear cells (PBMCs) has indicated that strain evolution in each infected organ proceeds in parallel possibly reflecting cell tropism of particular variants (Epstein et al., 1991 ; Pang et aL, 1991) . Recent data have confirmed and extended earlier work from Janossy and colleagues (Tenner-Racz et al., 1986) highlighting the importance of the lymphoid tissues, particularly the lymph nodes, in HIV pathogenesis (Pantaleo et al., 1993; Embreston et aL, 1993) . Thus, proviral HIV DNA has been shown to be present in a high proportion of lymph node lymphocytes and macrophages at all stages of HIV infection (Pantaleo et al., 1993; Embretson et al., 1993) . Such a situation contrasts with proviral HIV load in the peripheral blood, where a low proportion of CD4 + lymphocytes are infected at early and intermediate stages of HIV disease, although a higher load in the periphery is observed at late stages of disease. One explanation for this effect is the seeding of HIV strains from the lymph node to the periphery following the loss of an effective cellular and humoral immune system and/or extensive destruction of the lymph node structure.
Although previous studies on the tissue tropism of HIV-1 have concentrated on the variation of env sequences in different tissues, a major drawback for these analyses is that env regions are under selective pressure from both B and T cells and may exhibit convergent evolution (Holmes et al., 1992) thus complicating any phylogenetic analysis. In the light of this observation, we chose the long terminal repeat (LTR) region of the HIV genome, since it is not subject to extensive immune response effects. The LTR functions as the promoterenhancer unit of HIV and comprises multiple functional elements controlling the differential and temporal ex- DNA extraction. PBMCs were purified by FicoU-Hypaque density gradients. DNA was extracted and purified from the lymph node biopsy sample and PBMCs by proteinase K digestion, phenol extraction and ethanol precipitation using established methodologies (Sambrook et al., 1989) . PCR analysis. PCR reactions were performed on extracted cell DNA (0.5 gg) using a Hybaid DNA thermal cycler as previously described (Fox et al., 1991) . Primers consisted of a positive-sense oligonucleotide spanning positions -395 to -375 and a negative-sense oligonucleotide spanning positions + 125 to + 145 relative to the start of transcription, and were 5'-phosphorylated prior to use. The sequences were 5' GATCTCTAGTTACCAGAGTCA and 5' CACACAAGGCTC-TTCCCTGA. The PCR product was 540 bp in length (based on the HXB2 prototype sequence). PCR-amplified products were purified using the Gene Clean II kit (Bio 101) according to the manufacturer's instructions. The amplified LTR quasispeeies were cloned by blunt-end ligation into Sinai-digested dephosphorylated pUC19. Colonies harbouring inserts were identified using standard methods (Sambrook et al., 1989) . Plasmid DNA from recombinant colonies was extracted using a standard plasmid mini-preparation procedure (Sambrook et al., 1989) and 5 gg of DNA was used for sequencing by the methods of Chen and Seeburg (as modified by Murphy & Kavanagh, 1988 ). Ten to 20 clones from each PCR were sequenced. In order to ensure the fidelity of Taq polymerase when amplifying the LTR region, an LTR clone of known sequence was subjected to PCR under conditions identical to those described above, the amplified products were cloned and the 0"0159+ 0-01"~" 0"0138 +0-01*t 0"0136 + 0"0064 § 0"053 + 0"034 II *, t P < 0"0001.
NA, Not applicable. §, IL P is not significant. DNA sequence was determined for 15 clones. The sequence of each clone was identical to the sequence of the original PCR template.
Comparative analysis of HIV LTR sequences. The sequences were analysed using the Sequence Analysis Software Package (version 7) by Genetic Computers Inc. from the University of Wisconsin's Department of Genetics (Devereux et al., 1984) . Multiple sequence alignments were produced using the Clustal software and alignments were produced as PHYLIP-compatible files. The PHYLIP package (version 3.5) was used in all the subsequent phylogenetic analyses (Felsenstein, 1989) . The genetic distance between each variant was calculated using a Kimura-2 parameter method (available within the DNADIST program). Maximum parsimony trees were generated using the DNAPARS program. The robustness of the trees was tested by bootstrap resampling of the multiple alignment using SEQBOOT (100 datasets) and consensus trees were generated using CONSENSE.
Statistical analysis. An analysis of the significance of differences in genetic distances as calculated from the output of the PHYLIP DNADIST program was performed using the Mann Whitney U-test (Bland, 1987) . ~, ~ ~ .~ Fig. 2 . Maximum parsimony tree depicting evolutionary relationships among LTR sequences obtained from the lymph node (A), simultaneous blood samples (G) and 11 month follow-up blood samples (k~) from patient 1. This unrooted tree clearly shows that the lymph node variants and the blood variants cluster into two distinct clades. All branch lengths are drawn to scale.
Results
The HIV-1 LTR region from proviral DNA present in the lymph node and PBMCs of three patients has been amplified by PCR, cloned into the SmaI site of pUC19 and DNA sequences from the resultant clones were determined. In the case of patient 1, DNA samples from 20 clones derived from DNA extracts of the lymph node, simultaneous blood samples and an 11 month follow-up blood sample were sequenced. In patients 2 and 3, DNA from 11 and 10 clones respectively from both lymph node and a simultaneous peripheral blood sample were sequenced. The DNA sequences were aligned using multiple pairwise alignment. A representative multiple sequence alignment of lymph node and peripheral blood variants from patient 1 is shown in Fig. 1 . The multiple sequence alignments were then used as the basis for a calculation of the genetic distance between variants in each compartment for each patient (Table 1) . Patient 1 harboured a lymph node HIV-1 quasispecies that was more heterogeneous than either the simultaneous blood quasispecies or the 11 months follow-up blood quasispecies. This patient had a relatively low CD4 cell count (18 x 106/1) when the biopsy was taken and was classified as having Center for Disease Control (CDC) stage IV disease, but had an intact lymph node structure. In patient 2, there were no significant differences in the heterogeneity between the lymph node and simultaneous blood quasispecies. This patient had a relatively high CD4 + cell count (220 x 10S/l) when the biopsy was performed and was diagnosed as having CDC stage III disease with extensive disruption of the lymph node structure. In patient 3, there was also no significant difference in the heterogeneity between the lymph node and simultaneous blood quasispecies. This patient had a relatively high CD4 cell count when the @ @ AA A Fig. 3 . Maximum parsimony tree relating 22 LTR variants obtained from the lymph node (A) and peripheral blood samples (@j from patient 2 at the time of lymph node biopsy. This tree reveals a mixed population with lymph node and blood variants in common branches. All branch lengths are drawn to scale.
@
A Fig. 4 . Maximum parsimony tree relating 20 LTR variants obtained from the lymph node (~k) and peripheral blood (@) from patient 3 at the time of lymph node biopsy. This tree reveals a population of variants closely related to each other (short inter-node branch lengths) with no clear separation between the lymph node and PBMC variants in contrast to the results for patient 1 (Fig. 2) . All branch lengths are drawn to scale.
biopsy was performed (680 x 10~/1) and had CDC stage III disease, but histological analysis revealed extensive destruction of the lymph node structure.
In order to understand further the intra-and inter-HIV sequence variation 1619 relationships between individual variants within each sample taken from patients we have used DNA parsimony phylogenetic methods with bootstrap resampling. The resulting consensus phylogenetic trees are shown for patients 1, 2 and 3 in Fig. 2, 3 and 4, respectively. In patient 1 (Fig. 2) the consensus tree showed a clear dichotomy between the lymph node and peripheral blood variants. This resulted in a polarized tree with two major branches: 32 out of 40 blood variants were contained in one branch (peripheral blood variants clade), whereas 19 out of 20 lymph node variants formed the other branch (lymph node variants clade). This polarization was detected in over 80 % of the bootstrap resamplings. In contrast, the consensus trees constructed for patients 2 and 3 ( Fig. 3 and 4) were substantially different from that of patient 1 and demonstrated that there was no evidence of polarization between lymph node and peripheral blood variants. These phylogenetic trees are consistent with the data on genetic heterogeneity shown in Table 1 . The phylogenetic trees have also been constructed using alternative phylogenetic approaches, e.g. Fitch-Margoliash, and the polarized topology observed between lymph node and peripheral blood variants in patient 1 remained a consistent feature (data not shown).
Discussion
The HIV-1 LTR variants that are present in the lymph node and peripheral blood of three HIV-l-infected individuals have been analysed. The genetic variation in the LTR quasispecies that are present in the lymph node was significantly higher than that present in the peripheral blood quasispecies in the one patient who possessed a lymph node with an intact follicular dendritic cell network and germinal centres. In the two patients in whom substantial disruption of the lymph node structure had occurred, including follicular lysis and absence of germinal centres, there was no difference in genetic diversity between the two compartments. Lymph nodes have been shown to contain a higher HIV burden than PBMCs (Pantaleo et al., 1991 (Pantaleo et al., , 1993 ). Although we have not determined which cells within the lymph node gave rise to the HIV quasispecies analysed in this study, recent results indicate that the majority of cells harbouring HIV proviral DNA are CD4 lymphocytes and macrophages and not follicular dendritic cells (Embretson et al., 1993) . Follicular dendritic cells appear to trap virions on their villus processes early in the course of HIV infection and may transmit infection to cells as they migrate through the lymph node. However, further data must be obtained before the dynamics of strain evolution in multiple tissue sites and the crossover of strains between these sites is fully understood.
Phylogenetic analysis indicated that blood and lymph variants independently clustered together in clearly separated clades in patient 1. Moreover, three blood variants that were obtained at the time the lymph node biopsy was performed, three variants from the 11 month follow-up blood sample, and one lymph node variant clustered together, forming a sub-branch in the major lymph node clade. These peripheral blood variants are therefore closely related to the lymph node variants. In contrast to the results obtained for patient 1, a distinct clustering of variants was not observed in patients 2 and 3 whose lymph nodes exhibited extensive histological deterioration. The short inter-node branches observed in the consensus trees for these patients indicate that the LTR variants are closely related, with lymph node and blood variants present in common branches (Fig. 3 and  4) . The polarized topology of the consensus tree that was obtained for patient 1 with a significant branch-length separating the lymph node and peripheral blood clades provides data in support of the hypothesis that independent evolution of HIV-1 variants can occur in these two compartments when the lymph node is intact.
The results presented in this study, albeit obtained from a small sample size, suggest that the lymph nodes may be important in the sequestration/evolution of distinct HIV variants. Hence, disruption of the lymph node structure would lead to seeding of HIV variants in the periphery, a prediction which is consistent with the data obtained from patients 2 and 3. However, in order to provide sufficient data for statistically significant conclusions of this type to be drawn, similar studies on a greater number of patients are required. It should be noted that these analyses are complicated by the fact that lymph node biopsies are not routinely taken from all HIV-infected patients, especially in the early stages of disease. Such sampling problems could be overcome by performing a similar analysis in appropriate animal models of HIV e.g. simian immunodeficiency virusinfected macaques. Furthermore, the functional effects of sequence variations within the LTR sequence present in the patients that were analysed and the subsequent disease course should be investigated. We are currently extending research into these areas. In this context, it is interesting to note that the clinical status of patient 1 remains relatively stable despite having low CD4 cell numbers and CDC stage IV disease, whereas patient 2 has had a continuously declining CD4 cell count with a rapid disease course (data not shown).
Further data on more patients must be accrued before the precise role of the lymph nodes in HIV strain evolution and pathogenesis is defined. However, our data illustrate the importance of performing both crosssectional and longitudinal quasispecies analyses on many target organs within HIV-infected individuals in order to understand the complex interplay between HIV and its host.
